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We  use  electrostatic  force  microscopy  and  scanned  gate  microscopy  to  probe  the  conducting  properties 
of  carbon  nanotubes  at  room  temperature.  Multiwalled  carbon  nanotubes  are  shown  to  be  diffusive 
conductors,  while  metallic  singie-walied  carbon  nanotubes  are  ballistic  conductors  over  micron  lengths. 
Semiconducting  single-walled  carbon  nanotubes  are  shown  to  have  a  series  of  large  barriers  to  conduction 
along  their  length.  These  measurements  are  also  used  to  probe  the  contact  resistance  and  locate  breaks 
in  carbon  nanotube  circuits. 
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Electronic  devices  constructed  from  single-walled  car¬ 
bon  nanotubes  (SWNTs)  and  multiwalled  carbon  nano¬ 
tubes  (MWNTs)  show  remarkable  behavior.  Individual 
SWNTs  can  act  as  conducting  wires  [1,2],  field-effect  tran¬ 
sistors  [3],  or  single-electron  tunneling  transistors  [1,2]. 
Combinations  of  nanotubes  can  act  as  rectifiers  [4]  or  more 
complex  multiterminal  devices  [5].  Multiwalled  nanotubes 
have  shown  the  Aharonov-Bohm  effect  [6]  and  have  been 
used  to  construct  spin-electronic  devices  [7]. 

Most  of  what  is  known  about  the  transport  properties 
of  nanotubes  comes  from  dc  electrical  measurements  of 
single  nanotubes  or  bundles.  These  transport  experiments 
suggest  that  metallic  SWNTs  are  remarkably  good  conduc¬ 
tors,  with  very  long  mean  free  paths  [1,2,8].  Doped  semi¬ 
conducting  SWNTs,  on  the  other  hand,  have  much  higher 
resistances,  and  recent  experiments  suggest  that  transport 
is  not  simply  diffusive  but  instead  limited  by  a  series  of 
large  barriers  along  the  nanotube  length  [9].  Some  experi¬ 
ments  on  MWNTs  indicate  diffusive  transport  [6,10,11], 
while  others  under  different  experimental  conditions  show 
evidence  for  ballistic  transport  [12]. 

A  complication  for  interpreting  these  experiments  is  the 
fact  that  the  measured  two-terminal  transport  characteris¬ 
tics  do  not  uniquely  identify  the  underlying  device  behav¬ 
ior.  Using  the  Buttiker-Landauer  formalism  [13]  in  the 
Ohmic  (classical  transmission)  limit,  the  two-terminal  re¬ 
sistance  of  nanotube  is  R  —  h/Ae 2  +  R,  +  Rc\  +  Rci, 
where  h/Ae 2  is  the  (quantized)  contact  resistance  of  the 
nanotube.  The  additional  contributions  arise  from  physi¬ 
cally  separate  mechanisms — the  intrinsic  resistance  R, 
from  scattering  processes  within  the  tube  arising  from, 
e.g.,  disorder  or  phonons,  and  the  contact  resistances  Rc  1,2 
from  the  transport  barriers  formed  at  the  metal  electrode/ 
nanotube  junctions.  Since  the  measured  two-terminal  re¬ 
sistance  R  is  the  sum  of  these  contributions,  it  is  un¬ 
clear  from  previous  experiments  the  degree  to  which  each 
of  these  contributions  affects  the  measured  conductance. 
Four-terminal  measurements  can,  in  principle,  alleviate  the 
effects  of  the  contacts,  but  typical  macroscopic  electrodes 
act  as  invasive  probes  that  influence  the  resistance  of  the 
object  studied  [13]. 
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Here  we  use  electrostatic  force  microscopy  (EFM)  [14] 
and  scanned  gate  microscopy  (SGM)  [15]  to  directly  probe 
the  nature  of  conduction  in  SWNTs  and  MWNTs.  By 
using  an  atomic  force  microscope  (AFM)  tip  as  a  local 
voltmeter  (EFM),  we  separately  measure  the  intrinsic  re¬ 
sistance  and  contact  resistances  of  SWNTs  and  MWNTs. 
We  show  for  the  first  time  that  in  metallic  SWNTs  the  mea¬ 
sured  resistance  is  due  to  contact  resistance,  i.e.,  electron 
transport  is  ballistic.  Furthermore,  by  using  the  AFM  tip  as 
a  local  gate  (SGM),  we  directly  image  individual  scatter¬ 
ing  sites  in  semiconducting  SWNTs  and  show  that  a  series 
of  large  barriers  limit  transport. 

We  begin  by  reviewing  the  experimental  techniques, 
starting  with  EFM  [Fig.  1(a)].  An  AFM  tip  with  a  volt¬ 
age  Vtip  is  scanned  over  a  nanotube  sample  and  the  elec¬ 
trostatic  force  between  the  sample  and  tip  is  measured  in 
one  of  two  ways.  In  the  first,  called  dc-EFM,  the  AFM 
is  operated  in  noncontact  mode  with  the  cantilever  oscil¬ 
lated  near  its  resonant  frequency  at  a  small  fixed  height 
above  the  sample  [16].  The  changing  electrostatic  force 
with  z  gives  a  shift  in  the  resonant  frequency  and  the 
phase  A  ip  of  the  cantilever  oscillation,  A<p  (d2C/dz2) 
(Vtip  +  <f>  —  Vs)2,  where  Vs  is  the  voltage  within  the 
sample,  (ft  is  the  work  function  difference  between  the 
tip  and  sample,  Vt;p  is  the  tip  voltage,  and  C  is  the  tip- 
sample  capacitance.  The  measured  signal  is  thus  propor¬ 
tional  to  the  square  of  the  dc  voltage  difference  between 
the  tip  and  the  sample.  In  the  second  approach,  called  ac- 
EFM,  the  cantilever  is  made  to  oscillate  by  an  ac  potential 
that  is  applied  to  the  sample  at  the  resonant  frequency  of 
the  cantilever.  This  produces  an  ac  force  on  the  cantilever 
proportional  to  the  local  ac  potential  V,  (  oj  )  beneath  the 
tip,  Fac{aj)  =  {dC/dz)(V tip  +  4>)Vs(co ).  The  resulting 
oscillation  amplitude  is  recorded  using  an  external  lock-in 
amplifier;  the  signal  is  proportional  to  Vs{co)  [17].  Calibra¬ 
tion  of  this  signal  is  made  by  applying  a  uniform  Vs{o> ) 
to  the  whole  sample  and  measuring  the  response  of  the 
cantilever. 

Note  that  in  both  of  the  cases  above  there  is  a  large 
potential  difference  Vt;p  +  4>  —  Vv  between  the  tip  and 
the  sample.  The  tip  may  therefore  locally  modify  the 
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FIG.  1.  (a)  Experimental  setup  for  EFM  and  SGM.  A  conduct¬ 

ing  AFM  cantilever  is  scanned  above  the  device,  which  consists 
of  a  nanotube  contacted  by  two  gold  electrodes.  The  device  is 
fabricated  on  a  highly  doped  oxidized  Si  wafer,  which  is  used 
as  a  gate  electrode,  (b)  Topographic  AFM  image  of  a  2.5  nm 
diameter  bundle  of  SWNTs  which  has  been  broken  electrically 
by  the  application  of  a  large  voltage  (~6  V).  (c)  ac-EFM  image 
of  the  device  where  an  ac  potential  of  100  mV  is  applied  to  the 
lower  electrode.  (d),(e)  dc-EFM  images  where  a  dc  potential  of 
1  V  is  applied  to  the  upper  or  lower  electrode,  respectively. 


conducting  properties  of  the  sample  as  it  scans  over  it. 
Scanned  gate  microscopy  images  this  perturbation  by  mea¬ 
suring  the  conductance  of  the  sample  as  a  function  of  tip 
position.  The  conductance  changes  when  the  tip  locally  de¬ 
pletes,  or  gates  the  underlying  electron  system.  This  tech¬ 
nique  has  been  used  in  the  past  to  study  quantum  point 
contacts  [15]  and  quantum  Hall  conductors  [18].  SGM 
may  also  be  used  to  determine  whether  the  tip  perturbs  the 
sample  during  an  EFM  measurement. 

Having  introduced  the  techniques,  we  now  discuss 
measurements  that  clearly  illustrate  the  utility  of  EFM. 
Figure  1(b)  is  an  AFM  image  of  the  topography  of  a 
nanotube  device.  It  consists  of  a  small  bundle  of  SWNTs 
approximately  2.5  nm  in  diameter,  likely  consisting  of  a 
few  ~1  nm  diameter  tubes  [19].  A  large  bias  (~6  V)  was 
applied  across  the  sample  until  it  failed  and  the  resistance 
became  immeasurably  large  [20].  Subsequent  topographic 
imaging  showed  no  clear  point  of  failure  of  the  nanotube. 
EFM  imaging,  however,  clearly  reveals  the  location  of  the 
break,  as  shown  below. 

Figure  1(c)  shows  an  ac-EFM  image  of  the  tube  with  an 
ac  voltage  of  100  mV  applied  to  the  lower  contact  while 


the  upper  contact  is  grounded.  A  strong  signal  is  seen  on 
the  lower  half  of  the  tube  while  the  upper  half  of  the  tube 
yields  no  signal.  Figure  1(e)  shows  a  dc-EFM  image  of 
the  same  device  with  a  dc  voltage  of  1  V  applied  to  the 
lower  contact.  The  result  is  the  same.  Figure  1(d)  shows 
the  dc-EFM  image  with  the  potential  applied  to  the  upper 
contact.  Now  the  upper  half  of  the  tube  is  visible.  The 
location  of  the  break  is  thus  clearly  determined. 

In  this  case,  both  dc-EFM  and  ac-EFM  produce  sat¬ 
isfactory  images.  However,  each  technique  has  specific 
strengths.  dc-EFM  produces  a  more  local  signal,  since  it  is 
proportional  to  a  higher  derivative  of  the  capacitance  with 
respect  to  z.  ac-EFM  can  be  performed  at  much  lower  volt¬ 
ages  (Vac  ~  100  mV)  than  dc-EFM  ( V^e  ~  1  V),  allow¬ 
ing  measurements  in  linear  response.  However,  because  of 
the  less  local  nature  of  the  ac-EFM  measurement,  there  is 
a  background  signal  due  to  stray  capacitive  coupling  of  the 
tip  to  the  large  metal  electrodes.  This  background  can  be 
seen  as  a  gradient  in  the  signal  in  Fig.  1(c). 

We  have  developed  a  technique  for  subtraction  of  the 
background  signal  from  the  image.  We  first  select  a  portion 
of  the  image  between  the  electrodes  that  is  far  from  the 
nanotube.  This  portion  of  the  signal  is  then  fit  with  a 
simple  polynomial  function,  which  is  then  subtracted  from 
the  signal  over  the  entire  image.  The  result  is  a  “flattened” 
image  which,  at  least  in  the  area  between  the  electrodes, 
represents  the  signal  due  to  the  nanotube  only.  We  have 
applied  this  technique  in  instances  where  a  nanotube  is 
connected  to  only  a  single  electrode  and  the  potential  in 
the  tube  is  expected  to  be  constant  [e.g.,  Fig.  1(c)].  The 
procedure  accurately  reproduced  the  expected  flat  voltage 
profile  for  the  nanotube.  The  ac-EFM  images  in  Figs.  2-4 
below  are  shown  with  the  background  signal  subtracted 
according  to  this  procedure. 

Figure  2(a)  shows  an  ac-EFM  measurement  of  a  typi¬ 
cal  arc-produced  MWNT  with  a  diameter  of  9  nm  and  a 
two-terminal  resistance  of  42  kO.  The  ac  voltage  is  ap¬ 
plied  to  the  left  contact  while  the  right  contact  is  grounded. 


FIG.  2.  (a)  ac-EFM  image  of  a  MWNT  of  diameter  9  nm.  The 

resistance  of  the  entire  circuit  is  42  kfl.  An  ac  bias  of  150  mV 
is  applied  to  the  left  electrode;  the  IV  characteristic  verified  that 
this  bias  was  within  linear  response,  (b)  ac-EFM  signal  as  a 
function  of  the  nanotube  length. 
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The  ac-EFM  signal  drops  uniformly  along  the  MWNT 
length.  This  is  verified  in  a  line  scan  of  the  voltage  along 
the  tube  length  [shown  in  Fig.  2(b)].  The  linear  volt¬ 
age  drop  indicates  that  the  tube  behaves  as  a  diffusive 
conductor  with  a  well-defined  resistance  per  unit  length, 
Rj/L  —  10  kLl  / /xm.  This  confirms  the  results  from  previ¬ 
ous  transport  [11]  and  scanned  contact  [21]  measurements 
of  MWNTs.  We  also  measured  the  left  and  right  contact 
resistances  to  be  6  ±  2  Ml  and  3  ±  2  kO,  respectively. 
These  values  are  found  by  measuring  the  EFM  signal  in 
the  nanotube  adjacent  to  a  contact  and  comparing  it  to  the 
signal  when  a  known  voltage  is  applied  to  the  entire  nano¬ 
tube.  We  note  that  scanned  gate  measurements  showed  no 
appreciable  signal  on  MWNTs  (<1%),  indicating  that  the 
tip  did  not  significantly  perturb  the  conducting  properties 
of  the  sample. 

We  now  turn  to  metallic  SWNTs.  We  first  discuss 
the  measurements  of  the  device  shown  in  Fig.  1  before 
electrical  failure.  The  resistance  of  this  2.5  nm  diameter 
bundle  is  40  Ml  and  has  no  significant  gate  voltage  depen¬ 
dence — current  is  carried  by  metallic  tubes  in  the  bundle. 
At  large  biases  the  current  saturates  at  —50  /x  A.  This  is 
in  agreement  with  recent  work  by  Yao,  Kane,  and  Dekker 
[22],  where  the  current  was  observed  to  be  limited  to 
25  /x  A  per  metallic  nanotube  due  to  optical  or  zone¬ 
boundary  phonon  scattering.  We  therefore  conclude 
that  the  current  is  carried  by  two  metallic  SWNTs  in 
the  bundle. 

Figure  3  shows  the  EFM  image  of  this  SWNT  bundle, 
as  well  as  a  line  trace  along  the  backbone  of  the  bundle. 
The  potential  is  flat  over  its  length,  indicating  that  within 
our  measurement  accuracy  there  is  no  measurable  intrinsic 
resistance.  By  taking  into  account  the  finite  measure¬ 
ment  resolution  and  possible  errors  introduced  by  the 
background  subtraction,  we  estimate  R,  of  the  bundle  to 
be,  at  most,  3  kLL  The  contact  resistances  are  measured 
to  be  approximately  28  and  12  kLl  for  the  upper  and 
lower  contacts,  respectively.  SGM  showed  no  measurable 
effects,  indicating  that  the  tip  did  not  perturb  the  conduct¬ 
ing  properties. 


FIG.  3.  An  ac-EFM  image  of  the  same  bundle  of  SWNTs 
shown  in  Fig.  1  before  breaking.  The  bundle  is  metallic,  with  a 
total  circuit  resistance  of  40  kft.  An  ac  potential  of  100  mV  is 
applied  to  the  lower  electrode.  The  ac-EFM  signal  is  flat  along 
the  length  of  the  SWNT  bundle.  A  trace  of  the  potential  as  a 
function  of  a  vertical  position  in  the  image  is  also  shown. 


We  can  relate  the  measured  resistance  to  a  transmission 
probability  using  the  four-terminal  Landauer  formula: 
R,  =  (h/4e2)  ( I  —  Tj)/Tj  per  nanotube,  where  7',  is  the 
transmission  coefficient  for  electrons  along  the  length 
of  the  nanotube.  We  find  that  T,  >  2  — the  majority  of 
electrons  traverse  the  bundle  without  scattering.  This 
unambiguously  demonstrates  that  transport  in  metallic 
nanotubes  is  ballistic  over  a  length  of  >1  /xm,  even  at 
room  temperature. 

This  result  is  consistent  with  theoretical  predictions  of 
very  weak  scattering  in  metallic  SWNTs  [9,23].  It  also 
agrees  with  previous  low  temperature  transport  measure¬ 
ments,  indicating  that  long  metallic  SWNTs  may  behave 
as  single  quantum  dots  [1,9]  and  with  room  tempera¬ 
ture  measurements  that  exhibit  low  two-terminal  resis¬ 
tance  [8].  Here,  however,  we  directly  determine  that  the 
contact  resistance  is  the  dominant  portion  of  the  overall 
resistance.  The  contact  resistance  per  tube  is  given  by 
Rc  1,2  =  (/z/4e2)(l  —  T\  2)/T\  2,  indicating  that  the  trans¬ 
mission  coefficients  for  entering  and  leaving  the  bundle 
are  —0.1  in  this  device.  This  is  consistent  with  low  tem¬ 
perature  measurements  where  similar  contacts  to  SWNTs 
have  been  shown  to  lead  to  Coulomb  blockade  [1,2]  and 
have  been  exploited  to  observe  Luttinger  liquid  tunneling 
behavior  in  nanotube  devices  [24]. 

We  now  turn  to  measurements  of  semiconducting 
SWNTs.  Figure  4(a)  shows  an  ac-EFM  image  of  a  device. 
The  —3  nm  diameter  bundle  (which  is  indicated  by  the 
dotted  line)  is  bent  at  two  locations,  defining  three  distinct 
segments.  The  resistance  of  the  bundle  is  —60  MLl 
and  is  strongly  dependent  on  the  voltage  applied  on  the 
backgate,  indicating  a  semiconducting  tube.  The  EFM 
image  [Fig.  4(a)]  shows  that  the  voltage  drops  occur  along 
the  nanotube  length,  particularly  at  the  junctions  between 
segments. 

Unlike  for  the  MWNTs  and  metallic  SWNTs,  scanned 
gate  microscopy  showed  very  strong  effects  for  this  semi¬ 
conducting  SWNT  bundle,  as  shown  in  Fig.  4(b).  The  tip 
has  the  most  dramatic  effect  on  the  conductance  at  the  same 
places  that  the  voltage  drops  in  Fig.  4(a).  In  this  case,  the 
locations  of  strong  gate  effects  correspond  to  bends  in  the 
device,  but  this  is  not  a  general  feature.  Figure  4(c)  shows 
SGM  of  a  longer  semiconducting  SWNT  bundle  without 
such  dramatic  structural  bends.  The  tip  is  again  observed 
to  have  large  effects  at  particular  sites  along  the  bundle 
separated  by  —100-400  nm. 

These  experiments  directly  show  that  the  resistance  of 
semiconducting  SWNTs  is  dominated  by  a  few  strong  bar¬ 
riers  spaced  by  —100  nm  along  the  length.  These  points 
likely  correspond  to  places  where  the  local  electron  den¬ 
sity  is  minimal  and/or  strong  tunnel  barriers  exist.  Such 
behavior  was  postulated  based  on  previous  transport  mea¬ 
surements  of  the  Coulomb  blockade  in  semiconducting 
nanotubes  [9],  but  is  directly  observed  here  for  the  first 
time.  The  microscopic  origin  of  these  scattering  sites  is 
not  known,  but  could  correspond  to  localized  defects  in 
the  tube  or  to  long-range  electrostatic  potential  fluctuations 
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FIG.  4.  (a)  ac-EFM  image  of  a  3  nm  diameter  semiconducting 

bundle  of  SWNTs  (lines  indicate  the  position  of  the  bundle). 
The  device  resistance  is  approximately  60  Mil .  An  ac  potential 
of  100  mV  is  applied  to  the  lower  electrode,  while  the  tip  is 
held  at  a  dc  bias  of  —2  V.  (b)  SGM  image  for  Vtlp  =  +1  V; 
black  corresponds  to  immeasurably  large  resistance,  (c)  SGM 
image  of  a  longer  semiconducting  SWNT  bundle  incorporated 
in  a  nanotube  circuit  (lines  indicate  the  position  of  the  bundle 
and  the  electrodes).  Current  is  passed  through  the  circuit  from 
the  upper  left  electrode  to  the  lower  right  electrode. 

associated  with  localized  charges  or  surface  contaminants 
[25].  Further  EFM  studies  are  underway  to  investigate  the 
nature  of  these  scattering  sites. 

In  conclusion,  we  have  used  scanned  probe  microscopy 
to  measure  the  properties  of  current-carrying  nanotube  cir¬ 
cuits  at  room  temperature.  We  can  separately  determine  the 
contact  resistances  and  intrinsic  nanotube  resistances,  as 
well  as  locate  breaks  in  nonconducting  circuits.  MWNTs 
are  shown  to  be  diffusive  conductors  [26],  while  metal¬ 
lic  SWNTs  are  shown  to  be  ballistic  over  micron  lengths. 
EFM  and  SGM  show  that  conduction  in  semiconducting 
SWNTs  is  dominated  by  a  series  of  barriers  along  their 
length.  These  measurements  provide  a  clear  and  detailed 
picture  of  electrical  transport  in  nanotube  devices.  Further¬ 
more,  they  demonstrate  that  EFM  and  SGM  are  powerful 
tools  for  characterizing  the  local  properties  of  nanotube 
circuits.  Such  local  information  will  become  increasingly 
important  as  more  complex  multiple-nanotube  circuits  are 
investigated. 
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